With the rising cost of fuel and increasing demand for clean energy, solid-state thermoelectric (TE) devices are an attractive option for reducing fuel consumption and CO 2 emissions. Although they are reliable energy converters, there are several barriers that have limited their implementation into wide market acceptance for automotive applications. These barriers include: the unsuitability of conventional thermoelectric materials for the automotive waste heat recovery temperature range; the rarity and toxicity of some otherwise suitable materials; and the limited ability to mass-manufacture thermoelectric devices from certain materials. One class of material that has demonstrated significant promise in the waste heat recovery temperature range is skutterudites. These materials have little toxicity, are relatively abundant, and have been investigated by NASA-JPL for the past twenty years as possible thermoelectric materials for space applications. In a recent collaboration between Michigan State University (MSU) and NASA-JPL, the first skutterudite-based 100 W thermoelectric generator (TEG) was constructed. In this paper, we will describe the efforts that have been directed towards: (a) enhancing the technology-readiness level of skutterudites to facilitate mass manufacturing similar to that of Bi 2 Te 3 , (b) optimizing skutterudites to improve thermal-to-electric conversion efficiencies for class 8 truck applications, and (c) describing how temperature cycling, oxidation, sublimation, and other barriers to wide market acceptance must be managed. To obtain the maximum performance from these devices, effective heat transfer systems need to be developed for integration of thermoelectric modules into practical generators.
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Implementation of Solid-State Thermoelectric Energy Conversion Devices
Thermoelectric devices are typically used for heating, cooling, and power generation. The heart of the TEG is a module, which produces power and is shown schematically in Fig. 1 . The couple operates by converting heat to electrical energy and in the reverse, when applying a voltage to the device it creates a temperature difference on each side. This effect is often called the PeltierSeebeck effect and a detailed discussion of these principles is found extensively in the literature [1] . Two major issues to address when implementing a thermoelectric generator in an automotive system are heat transfer considerations and thermoelectric material selection for the generator. The Hendricks [2] work elucidates the requirement for carefully designed heat exchangers to get maximum power output from the thermoelectric generator. Crane and Bell [3] describe the issues related to temperature variation by conducting an analysis using a three-section thermoelectric system, where the materials in each of the sections are selected to produce highest performance at the expected temperature gradients. Although multimaterial thermoelectric generators indeed provide the best performance, issues related to cost and system thermal management must be addressed. Other systems have been used to promote energy conservation in what could be considered traditional single IC engine powered applications. They include combined power cycles [4] , organic Rankine cycles [5, 6] , and dual fuel mode systems [7] sometimes combined with complex optimization schemes for decisions of mode of operation [8] . The thermoelectric system directly converts heat to electricity, enabling precious power to be distributed where it is needed on a vehicle for operating a motor, powering sensors, or charging a battery for later energy usage.
In this work, a system describing how thermoelectric-based devices can lead to improvement in fuel economy by converting waste heat to electricity for class 8 truck applications is presented. We also discuss how additional savings can be obtained by powering the "hotel loads" associated with normal engine-off periods using a thermoelectric-based auxiliary power unit. Two thermoelectric systems are described; the first is termed an exhaust gas recirculation thermoelectric generator (EGR TEG). A traditional EGR system is replaced with one that uses a thermoelectric assembly to cool the exhaust gas while producing electricity. The second system is termed an energy recovery system-auxiliary power unit (ERS-APU). The ERS-APU will function as an auxiliary power unit when the vehicle is stationary, providing electrical energy for hotel loads, heat for the cabin as required, and producing electrical energy while traveling on the highway. This energy will be used to operate electrical systems, thus reducing the load on the alternator and returning the remainder of the electrical power to the output shaft using a system such as a belt-integrated motor generator. Throughout this paper, several "next steps" are discussed to illustrate the tasks that must be undertaken to further develop TE technology for integration with class 8 truck engines.
The implementation of waste heat recovery devices reduces the carbon footprint of a vehicle, reduces greenhouse gases, and lessens a countries dependence on foreign oil. Due to the relatively high fuel consumption and long life of a class 8 truck engine, often over 1,000,000 mile, the goal of a 2% reduction in fuel consumption would result in a 4000 gallon savings per vehicle. When one adds the savings due to using the ERS-APU to eliminate engine idle fuel consumption while the vehicle is parked, an additional 10,000 gallons of fuel could be saved over the life of the vehicle.
The MSU group, with the support of Cummins, conducted an extensive analysis of the potential gains associated with fitting an engine (2007 Cummins ISX) on a class 8 truck (minimum gross vehicle weight 33,001 lb or more) with thermoelectric generators for waste heat recovery [9] . Figure 2 shows in schematic form, the hardware associated with a typical class 8 truck powertrain. A one-dimensional wave dynamic engine simulation called WAVE, a code widely used in the transportation industry, was used to evaluate the potential gains with the thermoelectric generator for both EGR and the ERS-APU energy recovery systems. The WAVE simulation solves the unsteady partial differential equations that describe the heat transfer implemented with models that estimate thermoelectric generator performance. The MSU group estimated that based on measured thermoelectric properties of lead-antimony-silver-tellurium (LAST(T)) and bismuth telluride at a road load operating point, the system efficiency could be improved 3-5% by the implementation of a TEG system, depending on the assumptions employed and the efficiency of the thermoelectrics. The economic aspect was evaluated, including the economics associated with the use of a waste heat energy recovery system that also provides an auxiliary power unit to the vehicle that utilizes solid-state thermoelectric generators, instead of idling the engine to generate electrical power when the vehicle is stationary. To facilitate the cost and pricing study, the ERS-APU under study was divided into four major subsystems: electrical/electronics; thermoelectric generator; burner; and cooling.
The MSU and Cummins analysis used data generated from the 2007 engine studies and assumed an operating condition termed B62 (62% of full load equal to 1500 rpm, 245 kW), typical of a road load condition at that time. The benefits come from energy recovery while the vehicle is in operation and by a savings during idling periods, allowing one to turn the engine off. Assumptions were a 4% system efficiency when operating as an energy conversion device and a 7% efficient thermoelectric generator during APU operation, as the APU can operate at a higher temperature than in the exhaust heat recovery mode, for 1 and 5 kW TEG systems. The vehicle was assumed to operate 150,000 miles per year in 300 days with 8 h of idling each day. This savings is likely the upper limit that could be anticipated for this configuration, but is conservative in that it does not include the gains that would be realized by replacing electrical loads on the alternator, which has an efficiency of about 50-60%, with electrical energy produced by the TEGs. In these applications, the 1 and 5 kW units would pay for themselves in 1 yr and 3 yr, respectively, with fuel costs estimated to be $4 per gallon. The 1 kW and 5 kW systems do not scale linearly, as a significant fraction of savings is during operation of the 1 kW APU, which is assumed to operate at this power level even with the 5 kW system. In developing a "retail" price for the whole system, a price for each of the subsystems was calculated by adding its components to establish the total price. The price includes such things as fully accounting for cost of labor, overhead (building cost, cost of capital, etc.), and general and administrative costs, at a production rate of 10,000 units per year. The estimate for the price that a manufacturer would have to charge for a 1 kW system, to cover cost and provide a reasonable return, is $4773. These prices were developed by an engineer experienced in assessing mass production costs for automotive applications under the direction of the first author of this work. A recent breakthrough in construction of a 100 W nominal sized thermoelectric generator at MSU caused us to reduce the estimated cost of the generators significantly as machine assembly using technology for building circuit boards is now possible and is not reflected in the above estimate.
The MSU group's analysis of the potential gains from fitting a 2007 Cummins ISX class 8 truck engine with thermoelectric generators when operating at the B62 condition was based on a detailed, fully transient, cycle-resolved simulation of its performance and yielded improvements in brake specific fuel consumption, which varied between 3% and 5%, depending on the particular values chosen for thermal and thermoelectric characteristics.
Selection of TE Material
The process of down-selecting a TE material for generator testing compared three key characteristics of the materials under consideration: (a) optimal temperature range, (b) mechanical durability, and (c) availability of material. As the target application for the ERS-APU and EGR TEG systems is a class 8 truck engine, a temperature range of 600-850 K was selected. For this temperature range, two candidates were compared: LAST-LASTT and skutterudites (skutterudite is a cobalt arsenide mineral that has variable amounts of nickel and iron substituting for cobalt with a general formula: (Co,Ni,Fe)As 3 . Some references give the arsenic a variable formula subscript of 2-3). A broad range of LAST (Ag a Pb b Sb c Te d ) compositions underwent mechanical testing, within the mole fraction ranges of 0.006 < a < 0.043, 0.417 < b < 0.480, 0.011 < c < 0.050, and 0.496 < d < 0.517. These LAST compositions had hardness (H), values from 0.53 to 0.92 GPa [10] and Young's modulus (E), values from 24 GPa to 68 GPa [11] , with similar E and H values for LASTT [12] . In contrast, the skutterudite specimens tested had H values of about 6.0 GPa and E values of 140 GPa [13] . Although fracture toughness (K C ), measurements were difficult to perform on LAST, LASTT, and skutterudite specimens, the decreased tendency of the skutterudites to chip and spall during cutting and handling may be indicative of a higher K C value for the skutterudites than LAST and LASTT. Additionally, LAST and LASTT materials contain tellurium, which has potential scarcity concerns, whereas skutterudite materials are relatively abundant. Thus, skutterudites were down-selected as the material for TEG testing.
Effort in Advanced TEG Design and Construction
There have been very few experiments performed that demonstrate the actual power generated by the skutterudite thermoelectric modules in a realistic environment. MSU, in collaboration with JPL, has designed, fabricated, and tested the first early skutterudite-based thermoelectric generators (50 W and 100 W). The results of a 10 module generator test are shown in Fig. 3 . At a DT of 550 C, the generator produced a combined power output of 50.1 W. The maximum power output for the modules ranged from 3.9 to 5.9 W. Based on an energy balance and assuming similar energy recovery by adding additional modules, we estimate that the technology demonstrated could be implemented in construction of a thermoelectric generator, which would recover about 4% of the energy in an air (or exhaust) stream. MSU's most recent generator, shown in Fig. 4 , has a nominal 100-200 W power output and is comprised of 200 couples. It is managed by an electronic system that MSU terms couple bypass technology (CBT), allowing for generator designs that permit a large number of couples to be placed in series, thereby boosting voltage output to usable levels.
Critical TEG Subsystems Development
Our generator demonstration work has identified the following challenges to be overcome for a viable automotive/transportation TEG:
(1) High-efficiency TE materials for the appropriate temperature range. Challenge 1 was discussed above and 2-6 are discussed in the next sections. Further challenges that are not discussed in this paper include: scale up/mass production of TE materials, packaging the system to enhance heat transfer while maintaining a low pressure drop, mitigating soot buildup that can result in reduced heat transfer to the hot side, identifying an efficient burner required for APU operation, and defining manufacturing requirements.
TEG Module Insulation
Two thrusts concerning the aerogel-insulation activities have been carried out to date. The first generation aerogel formulation was integrated into multiple couples, subassemblies, individual plates, and generator designs. The formulation was first developed at JPL and has been modified by the Sakamoto group at MSU. Second, efforts to improve and characterize the next generation aerogel were conducted to improve the consistency from batch to batch. The key to reducing costs will require the ability to dry the aerogel under ambient conditions rather than in an autoclave as is currently done. This can be accomplished by the development of cast-in-place aerogel-insulation (CPAI) methods using freeze drying and polar solvents instead of a supercritical autoclave.
A multifoil insulation system is used in radioisotope thermoelectric generators (RTGs); however, terrestrial TEGs will require thermal insulation that can reduce radiative, solid, and convective heat transfer. To limit the amount of material and the size of the generator, the thermoelectric couples should be relatively short (in the few mm range). This requires highly effective thermal insulation to maintain large gradients and limit parasitic losses. Furthermore, the small-scale complex geometry and intimate contact required to improve thermal efficiency will require the thermal insulation to be cast into place.
CPAI can be used as it has the lowest thermal conductivity of any known material. Another insulation alternative is a hightemperature aerospace insulation such as Microtherm
and has been considered for NASA RTGs that operate under a cover gas. Prior efforts to integrate Microtherm V R or Min-K V R insulation proved to be problematic in that the insulation was difficult to handle when consistently machined and integrated into complex, precise shapes. Recent MSU work, supported by DOE-EERE, demonstrated the efficacy of CPAI in multiple thermoelectric generator prototypes [14] . One aspect of this work was to quantify the thermal efficiency of the generator technology. To clarify, thermoelectric efficiency typically refers to the fraction of heat flow passing through thermoelectric couples which is converted to electrical power, i.e., not accounting for parasitic heat losses. At MSU, several skutterudite TEG prototypes were made between 2009 and 2011, ranging from 25 to 100 W. For this work, the comparison focused on commercially available fiberglass and CPAI.
The performance of the two thermal insulations was compared in a 50-couple TEG, which was square in shape and comprised of four plates. The top and bottom plates (1 and 3) were blanks, i.e., did not have thermoelectric couples. Figure 5 shows that the other two plates each had 25 skutterudite couples, whereby one (plate 4) used packed commercial-fiberglass insulation and the other (plate 2) used CPAI. The system was configured to have equal flow rates of hot gas impinging on the two plates that contained TE couples.
The temperatures of the gas entering and exiting the TEG, as well as the increase in cooling fluid temperature for each plate, were used to determine the heat flow through each plate.
It was found that the heat flow through the plate containing the commercial-fiberglass-insulated couples was 30% greater than the heat flow through the plate containing the CPAI-insulated couples. This resulted in steady-state thermal efficiencies of 3.2% and 4.2% for the commercial-fiberglass-insulated couples and the CPAI-insulated couples, respectively. Thermal efficiency is defined as electrical power out divided by heat transfer through the plate plus electrical power produced.
The next step will be to simplify processing and enable new, high thermal efficiency packaging. Instead of placing wet gels in a supercritical autoclave, the wet gels or TE modules encapsulated in wet gel should be placed in a freeze drying chamber or soaked in nonpolar solvents and allowed to dry under ambient conditions, while controlling the heat transfer. If the thermal conductivity is found to be comparable to supercritically dried aerogel, efforts to freeze or ambient-dry aerogel-encapsulated TE modules can be made. Another beneficial step would be to investigate how aerogel Fig. 4 Completely assembled 100 W-TEG (left) and subassembly module for the TEG (right). This is the largest thermoelectric generator built using skutterudite material, with dimensions of 6 in. diameter and 6 in. in length. All couples are in series facilitated by MSU-developed CBT. Transactions of the ASME might be used to insulate the exhaust system upstream of the TEGs.
Fluid Flow and Heat Transfer Considerations
Purdue University, in collaboration with MSU, has conducted numerous multidimensional modeling efforts [15] [16] [17] [18] to study fluid flow and heat transfer with the TEGs as well as within the modules. Aside from parasitic heat transfer losses, there are a number of other challenges involving heat transfer. These other heat transfer issues for TEGs can be divided into two interconnected areas. The first is how to get the temperature gradient across the TE couple to be as high as possible for given hot (T h ) and cold (T c ) fluid temperatures so that the electric current generation is at a maximum. This requires heat transfer enhancement techniques that can reduce the thermal boundary layer thickness on the two sides of the TE couple to increase the heat transfer rate (e.g., restarting boundary layers and jet impingement; see Fig. 6 ). This must be accomplished with minimum loss in stagnation pressure of the fluids. When the hot fluid is a gas (e.g., waste heat from the combustion gas of an internal combustion engine), heat transfer enhancement can be quite a challenge. This is because gases have much lower thermal conductivities than liquids, and the heat transfer rate per unit area that needs to be achieved, depending on the length of the TE legs and the temperature of the hot and cold fluids, can be as high as 5 to 10 W/cm 2 . The second major challenge is how to extract a significant portion of the available energy in the hot fluid in a compact fashion. Since the objective of a TEG is to extract energy from the hot gas, a significant portion of the available energy in the entering hot gas must be removed by the TEG by the time the hot gas exits. Thus, one definition of the efficiency of the heat exchanger or heat sink is (T h,inlet À T h,outlet )/(T h,inlet À T c ), where T h,inlet and T h,outlet are the temperature of the hot gas at the TEG inlet and outlet and T c is the temperature of the cold fluid. With this definition, the efficiency is 1% or 100% if all of the available energy (T h,inlet À T c ) is extracted by the TEG. Otherwise, it is less than 100%. To increase efficiency or usefulness of the TEG in extracting energy from the hot fluid, innovative designs are needed that could involve a complex system of microchannels (e.g., channels with height of about 5 mm), where there is high surface-area-to-volume ratio. These microchannels must be linked with heat transfer enhancements to increase the heat transfer rate with minimum pressure loss. Since the channel dimensions may be quite small, the flow may be laminar. Thus, the heat transfer enhancement techniques must induce streamwise vorticity to entrain the "hotter" and "cooler" fluids near the center of the channel to the walls that sandwich the TE couple to increase the heat transfer rate, which in turn increases the electric current generation. This research should focus on both challenges of the heat exchanger/heat sink by exploring, developing, and evaluating heat transfer enhancement and available energy extraction concepts through computational fluid dynamics with validation through experimental measurements. These efforts must be coordinated and integrated with the mini/microchannel heat exchanger designs to achieve optimum hot-side and cold-side heat exchange configurations and designs for the ERS-APU and EGR TEG systems.
TEG System Durability
Three major issues related to durability have been identified as important in past efforts: (a) Develop sublimation suppression techniques, (b) develop electronic controls for each couple of the high-temperature generator, and (c) manage stresses at interfaces. These are discussed in the next sections.
Thermal Packaging Technology to Improve Durability
Sublimation is one of the primary modes of degradation in TEGs. As volatile Sb sublimes away, the leg cross-section is reduced, causing the internal resistance to rise (Fig. 7) . NASA's SiGe-based RTGs employed Si-based coatings to suppress the sublimation of Ge and PbTe-TAGS TEGs. They use a 1 atm inert cover gas to suppress the sublimation of Te.
If skutterudite-based TEG technology is to mature, measures must be taken to suppress the sublimation of Sb. If operated above 600 C in a vacuum or argon, the sublimation rate of Sb from Sb-based skutterudite is above 10 À3 g Sb /cm 2 h, which could cause a significant degradation in performance in a few 100 h of operation. Previous work at JPL investigated various coating techniques involving sol-gel, sputtering, and electrochemical processes. However, it was found that Sb vapor is highly corrosive, thus reacting with most coatings. Additionally, skutterudite has a coefficient of thermal expansion (CTE) of 9-11 ppm/K. There are few ceramic materials with CTEs in this range, thus making it difficult to create a stable bond. Using a 1 atm argon cover gas, as is used in PbTe-TAGS RTGs, was also considered as a method for suppressing Sb sublimation from skutterudite. However, it was found that 1 atm argon does not significantly slow Sb sublimation in skutterudite. One of the most promising methods for suppressing Sb sublimation in skutterudite happens to be the same material technology that shows promise as thermal insulation: aerogel. Work conducted by JPL demonstrated that the sublimation rate of Sb can be reduced by a factor of approximately 1000 through the application of aerogel coatings, which are stable against sublimation for 2500 h at 873 K. As is the case with the aerogel-based thermal insulation, the ability to cast the aerogel into place creates intimate contact between the TE element and the coating. Although the aerogel is porous, the pores are nanometer to subnanometer range, thus creating a tortuous path for Sb vapor to permeate, as what holds true for gas conduction also holds true for metal vapor diffusion.
A beneficial next step to improve couple durability would be a study of the sublimation rate of gradient-density aerogel coatings dried using various techniques. The gradients in this study would consist of varying concentrations of opacifier (titanium powder) and varying silica aerogel porosity for optimum radiation scattering at high temperatures and sublimation suppression, respec-
dc-dc Boosting, System Diagnostics, and Fault Management
The thermoelectric generator system architecture is similar to a battery system. Each TE element provides relatively high current but low voltage, which makes it necessary to arrange the TE elements in both series and parallel connections [19, 20] . Figure 8 shows the high-level architecture of the proposed TEG system, where the entire TEG system consists of multiple TEG modules and each TEG module is formed by serial connection of the TE elements (devices) to increase the TEG module output voltage. There are two main functions for the TEG control system: one is to maximize the power output of each TEG module by controlling the output voltage of the corresponding dc-dc convertor used to sum the TEG module powers, and other is to communicate with the TEG module controller for diagnostics and electrical power management. The purpose of the dc-dc conversion is to convert the electrical power provided by these TEG modules to a voltage suitable for charging the battery and usage by electrical devices. By adjusting the dc-dc convertor output voltage at the summation, the power output of each TEG module can be adjusted (or maximized).
The fault management system is capable of communicating with each TEG module. The fault information of each TEG module will be used to manage the maximum power output of each TEG module, along with other system parameters such as exhaust gas temperature, flow rate, etc.
The TE elements (devices) are serially connected to increase the output voltage of each TEG module without using dc-dc convertors. The disadvantage of this architecture is that if one of the TE elements fails (open circuit), the entire TEG fails since the whole generator becomes an open circuit. To mitigate this risk, a system of bypassing failed couples, termed CBT, has been developed. The performance of each TE element is monitored (patent disclosure filed) for its output voltage and the measured voltage is compared against the average voltage of the TE elements to diagnose if the corresponding element is operating normally or has failed (open circuit). If a TE element fails (open circuit) during operation, the TEG controller will short the corresponding TE element, therefore, enabling the TEG module to continue providing the maximum power output. The TEG module will also communicate with the power summation dc-dc convertor control system to report the failure information, such that the dc-dc convertor can be optimized.
Due to the high number of TE elements contained in a TEG module, the TE elements can be grouped into arrays (such as 10 elements per array) where each array is diagnosed and managed by a microcontroller. A supervisory microcontroller communicates with all TE array microcontrollers through control area Figure 9 shows the architecture of a TEG module with diagnostic and fault management capabilities. The array microcontroller diagnoses each TE element (device) by sampling its output voltage and comparing it with the reference and average TE element voltages and making a judgment if the TE element has failed or not. Nothing will be done if the TE element is healthy. If the TE element has failed (open circuit), the microcontroller turns on the corresponding switch (see Fig. 9 ) to short the failed TE element so that the current can flow through the rest of the TE elements. With the help of the array diagnostics and fault management microcontroller, the entire TEG system failure rate then equals the individual TE element failure rate, and hence, maximizes the entire TEG system efficiency. Using the MSU developed system, the couple monitoring and bypassing take place at very low power consumption levels compared to other methods.
This electronic solution has significant positive implications for TE technology as it allows multiple couples to be connected in series, thereby increasing the generator output voltage without the risk of a failed couple negating the power production of the entire generator.
MSU has developed and demonstrated a beta system, shown in Fig. 4 , which enables the following [21] :
• Integration of the TE array microcontroller with the TE array elements.
• Power summation dc-dc convertor development.
• TEG module diagnostics and fault management system development at low power consumption.
Structural Consideration at Interfaces
Structural integrity research of the TEG must focus on two key elements: (a) understanding failure modes that have been observed at interfaces of thermoelectric material and mating surfaces, and (b) developing designs using simulations and experiments to enable robust interfaces during heating and cycling [22] . This will assist in developing an understanding of the nature of failures that are experienced at the interfaces between the thermoelectric material and its contacts. This usually involves differentials in the coefficient of thermal expansion during heating and cycling. The broad impact will be the development of a new class of interfaces such as graded interfaces and the development of new machining methods or other unique interfaces that can maintain their integrity during transients.
During recent testing of our generators (over 100-5 and 10 couple modules), many of the TE couples have failed during testing, thus decreasing the efficiency of the thermoelectric generator. Failures tended to occur in the P-type leg, at the skutterudite-material 2 interface. It is hypothesized that thermal expansion is the driving force for these failures, as the different material layers comprising the TE legs possess different coefficients of thermal expansion.
A schematic of the TE couple is shown in Fig. 10 . For the analysis, the symmetry of the couple is utilized to reduce mesh size and speed up computation time. The couple is sectioned to account for the different materials. This procedure assumes a clean boundary between material layers, i.e., there is no intermediate layer of mixed (unknown) material properties between two successive materials layers in the TE legs. Such a layer would exist in the actual legs, as they are manufactured by hot-pressing material powder. It is also assumed that the material properties are temperature independent; thus, we examine trends as we know these properties are not temperature independent. For this simulation, these properties were taken from data with temperatures of 20-100 C. The finite element analysis is performed in two stages. A thermal analysis is performed to obtain a temperature differential of about 450
C from the hot to the cold side of the couple, assuming convective heat transfer. This approximates the temperature distribution of the TE couple under operating conditions. Second, a structural analysis is performed in four steps as shown. Table 1 to simulate the cyclic thermal loading the TE module experiences during operation. Here, it is assumed that the TE legs are stress free at the beginning of the analysis, i.e., there are no residual stresses from the hot-pressing process and cutting of the legs. Figures 11 and 12 show the von Mises stresses at the legs at the end of process 1 (temperature distribution as shown in Table 1 ) and cycle 2 (TE module at 30 C), respectively. Examination of the second principal stresses at the end of processes 2 and 4 when the TE module is cooled to 30 C predicted stress levels that would cause mechanical failures to occur in the P-type legs at the skutterudite-material 2 interface.
Simulations attribute the causes of these failures to the excessive stress fields predicted during thermal loading of the TE module. As material 2 expands more, it pulls the neighboring materials along their interfaces. At the material 1 interface, larger stresses are observed. At the skutterudite interface, lower stresses are observed as the pulling action of material 2 yields the skutterudite close to the interface (Fig. 11) .
On the cool down process, material 1 suffers little plasticity and contracts back to its original shape. The skutterudite, however, has suffered unrecoverable expansion (plastic deformation) and tends to stay deformed. This creates a bulge (due to skutterudite plasticity) at the skutterudite-material 2 interface (Fig. 12) . This bulge is also observed in experiments. These opposing tendencies of the two materials result in high stresses at the interface.
Results show the second principal stress in the negative direction is the highest at the skutterudite-material 2 interface, with high concentrations around the corners. These high stresses can result in fatigue after multicycle loading and can lead to separation at interfaces. The stress distributions, after subsequent thermal loading cycles, show little difference. Sources of failure can be due to crack initiation and growth. Imperfections in the surface introduced during the cutting process of the legs or chemical reactions at interfaces, combined with the high stress concentrations, can promote crack growth and separation. Analysis indicates that the stresses are high at the skutterudite-material 2 interface. Hence, it is essential to explore paths to reduce those stresses. A new design, which is under review, shows where the surface introduction of a graded material layer (one that has mechanical properties between those of mating) can be used at the skutterudite-material 2 interface. Such a layer can provide a smooth transition of material properties between the skudderudite and material 2, thus increasing robustness. This can be investigated numerically using models from the functionally graded material theory.
Summary
A study has been conducted that shows with the appropriate support, successful demonstration and potential commercialization of TEG technology for waste heat recovery in a class 8 truck application are possible. As discussed, three factors that would significantly improve the energy harvesting capabilities of TEGs are performance improvements in thermoelectric materials, exhaust system/combustion chamber insulation and overall system design, including required electronics. During the past five years, the efficiency of skutterudites has improved by about 50%. Options for waste heat recovery are neither limited to transportation systems nor are the auxiliary power units proposed for the class 8 truck application. To be a viable system, the mechanical stability of hot-side interfaces must be improved. Although small IC-engine-driven generators, fuel cell systems and bottoming cycles may currently be more efficient alternatives to TEGs, it is only the thermoelectric system that has the capability to recover waste heat while the vehicle is in operation and also serve as an APU. It is likely that the first application of TEGs for power generation may be expanded versions of how they are currently used: in specialty applications such as to drive low-wattage electrical transducers or small fans. Liquid fossil fuel, supplying energy to IC engines, will likely dominate transportation needs for the next quarter century. Given the performance of currently available segmented materials and assuming modest improvements in TE and heat exchanger technology, one could expect a 2-4% improvement in fuel economy for a class 8 truck, depending on the operating conditions, TE material efficiency, and insulation technology employed. Table 1 Steps for structural analysis
Step 
